Recent interest in the experimental study of tokamak plasma flow for different magnetic field geometries calls for theoretical understanding of the effects of tokamak magnetic topology changes on the flow. The consequences of total magnetic field reversal and/or X-point reversal on divergence-free plasma flow within magnetic flux surfaces is considered and the results are applied to interpret recent Alcator C-Mod scrape-off layer (SOL) flow measurements.
I. Introduction
Plasma flow in a tokamak can be beneficial in many ways and is therefore important to understand. Strong plasma rotation can stabilize resistive wall modes 1 ; and sheared plasma flow can enhance global plasma stability and increase the achievable ratio of plasma kinetic pressure to magnetic pressure by influencing mode coupling.
In particular, sheared flow can increase the threshold for triggering neoclassical tearing modes.
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Sheared flow is also known to enhance particle and heat confinement by suppressing and regulating turbulent transport. and Tore Supra.
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The parallel flow was measured using Mach probes situated at different poloidal locations, so that poloidal variation of the flow could be studied, for different magnetic field topologies. In particular, for diverted tokamaks, measurements were made for lower single null (LSN), upper single null (USN), and double null (DN) operation. In addition, measurements were made for both possible directions of toroidal magnetic field and plasma current (which are usually kept co-directed to preserve magnetic field helicity).
The measured flow is found to be strong, especially at the inner (high field side) far SOL where it may possibly reach Mach numbers of order unity. Moreover, the SOL flow can have strong poloidal variation. For diverted discharges, the inner SOL flow has a tendency to remain directed towards an inner divertor, reversing direction for X-point reversal, but independent of the total magnetic field direction. Meanwhile, the outer (low field side) SOL flow tends to be co-current and to reverse for total magnetic field reversal, independent of the X-point position.
The basic understanding that emerges from these measurements is that the SOL flow has two components: an "up-down symmetric" component, which is insensitive to the LSN/USN/DN topology, but cares about the direction of the total magnetic field; and an "up-down asymmetric" component, which responds primarily to the LSN/USN/DN magnetic field topology. The symmetric component is normally assumed to be associated with the nearly divergence-free nature of plasma flow within a magnetic flux surface, which requires parallel ion flow to close ion diamagnetic and E×B flows. The asymmetric component is assumed to be connected with the strongly poloidally asymmetric "ballooning" nature of radial plasma transport, which results in a local increase in plasma pressure on open field lines about the outer midplane with a corresponding parallel plasma flow directed from the outer midplane toward both inner and outer divertors. Although certain aspects of this basic understanding have been confirmed by numerical modeling results, see e.g., 11, 12 some detailed questions about the SOL flow remain unanswered. In particular,
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did not investigate the effects of magnetic topology changes and neglected particle drift effects; and 12 did not consider X-point reversal and neglected heat flux contributions to the gyroviscosity as well as the perpendicular viscosity, thereby obtaining a questionable radial electric field.
The work presented here uses a simple model In view of this picture, we expect the strong, large-scale plasma flows that are observed in the tokamak edge, which are far removed from divertor surfaces and which connect from outer to inner midplanes in single-null discharges, to be well approximated by a divergence-free flow field,
where ω is a toroidal rotation frequency, R is the cylindrical radial coordinate, ζ is the toroidal angle variable, K(ψ) is a function of the poloidal magnetic flux coordinate ψ, n is plasma density, and the tokamak magnetic field is taken in the form and use it to study whether we can simply explain the observed tokamak flow symmetries related to X-point and/or the total magnetic field reversal. It will be apparent shortly that our simple model based on (1) describes Alcator C-Mod flow-symmetry observations very well, thereby justifying a posteriori our use of (1) to explore the phenomenon.
We allow the flow in (1) to have both symmetric (s) (i.e. independent of the X-point position) and asymmetric (a) (i.e. dependent on the X-point position) contributions and briefly summarize the relevant tokamak flow symmetries, namely those related to X-point and/or the total magnetic field reversal, as obtained in.
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By definition, the flow in an up-down symmetric DN configuration has only a symmetric contribution that we write as
The flow in the LSN and USN configurations has both symmetric and asymmetric contributions and can be written for cross-sections of the same shape as
and
respectively. Clearly, X-point reversal reverses the sign of the asymmetric flow portion, leaving the symmetric portion unchanged.
Reversing (R) the total magnetic field, B R = −B, in a DN configuration is equivalent to simply turning the up-down symmetric tokamak over, thereby reversing the entire flow to obtain
However, turning an up-down asymmetric tokamak over reverses not only the total magnetic field but also the X-point. Therefore, to only reverse the total magnetic field in an up-down asymmetric tokamak we have to both reverse the X-point (reversing the asymmetric flow portion) and turn the tokamak over (reversing the total flow), thereby reversing the symmetric flow portion to find
Flow symmetry properties (2) - (6) 
where c is the speed of light, e is the magnitude of electron charge, ϕ is electrostatic potential, and p i is the ion pressure. In (7) ω a does not contain the pressure gradient term since for matched discharges the density and ion temperature profiles are lowest order flux functions and therefore, by definition have to be the same in LSN and USN and for reversed B operation. Consequently, only the electric field term in ω can have an asymmetric contribution.
III. Analysis of Alcator C-Mod SOL flow measurements A. Flow symmetries
Recent Alcator C-Mod SOL parallel flow measurements were performed for LSN and USN discharges with "normal" and "reversed" B (ion grad-B drift towards the lower and the upper divertors, respectively) for closely matched plasma poloidal crosssections with the same line-average density, as well as other discharge parameters.
A few DN flow results for "normal" and "reversed" B are also available. Flow measurements were performed with scanning Mach probes situated 5.8 cm below the plasma midplane on the high field side and 11 cm above the plasma midplane on the low field side, so that parallel flow at these two different positions is available for a number of SOL flux surfaces. Typical error bars, based on the shot-to-shot variation in the parallel flow measurements, are in the range of ±10 km/s for the high-field side SOL flow measurements and ±5 km/s for the low-field side SOL flow measurements.
Densities and electron temperatures are also deduced from the probe measurements.
The diagnostics, probe design, as well as the data analysis procedure are described in detail in.
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Due to inaccuracies in the probe geometry, density measurements on the high-field side may be systematically high or low by ±50%. Otherwise, typical density and temperature measurements error bars are in the range of ±10%.
To determine the four unknowns ω s , ω a , K s , and K a from (3), (4), and (6) only measurements for two magnetic topologies need be employed, assuming ω s and ω a are approximate flux functions. The measured density (and electron temperature)
profiles support the lowest order flux function approximation. It can be seen from Fig. 1 that for LSN and USN cases electron density varies by at most a factor of two or less between locations of the low and high field side probes (i.e. over a length ∼ qR ∼ 3.4 m). At the same time, it varies by a factor of two in the radial direction over a distance of only about 4 mm, so the radial variation is about 850 times faster than the parallel variation. Therefore, for many practical purposes (including our simple lowest order theory) the flux function approximation should be excellent.
Consequently, the symmetric and asymmetric portions of ω and K can be evaluated using (3), (4), and (6) in four different ways from the following measurements:
, and (iv) V U and V R U . As a qualitative check, ω s and K s can be also evaluated using (2) and (5) If our simple picture of the flow symmetries, as given by (2) - (6), were correct and all the parameters for different magnetic field geometry discharges were ideally matched, all the curves for ω s , ω a , K s , and K a would be identical. Clearly, there is a complication. The main reason is, that even though the line integrated densities are matched for all the discharges, the SOL radial density profiles are quite different (they differ by factors of two to three) and so the discharges are not ideal matches. We expect K(ψ) ∝ n θ since when multiplied by B it represents ion flux, with n θ the flux surface averaged density. Therefore, K(ψ) is sensitive to differing density profiles, whereas K(ψ)/ n is not. Assuming that n ≈ n θ we can approximately (2) - (6) and thereby avoid most of the difficulty with unmatched density profiles. The experimental justification for us to "adjust" the local density profiles to conform to a flux-surface average one comes from the clear insensitivity of the measured flow profiles to variation in plasma density. 
B. Radial electric field
Employing the ω s (ρ) and ω a (ρ) profiles shown in Fig. 4 and using (7) we should in principle be able to evaluate the symmetric and asymmetric portions of the radial electric field and consequently the full radial electric field for all the different magnetic field topology configurations discussed, provided the ion pressure and density profiles are known (the latter is measured by the probe). This turns out to be non-trivial since (i) the measured profiles of the ion temperature, T i (ρ), are unavailable; and (ii) the pressure and density profiles for the discharges with the different magnetic field topologies are not precisely matched. To overcome these difficulties we (i) assume T i = T e (with the electron temperature, T e , being measured); and (ii) use expressions V =
(∂p i /∂ρ)] together with the high and low field side measurements of the parallel flow velocities and n and T e profiles for each magnetic field configuration (i.e. without splitting quantities into symmetric and asymmetric). We first evaluate ω and then E r ≡ −(∂ϕ/∂ρ) individually for each case, where (8) is 
IV. Conclusions
A simple theory for plasma flow modifications due to the X-point reversal and the total magnetic field reversal is discussed and used to interpret Alcator C-Mod SOL flow measurements. The theory employed is rather basic and summarized by (2) -(6). According to these expressions, X-point reversal is expected to cause reversal of the "asymmetric" flow portion, while B reversal is expected to result in reversal of the "symmetric" flow portion. We demonstrate that these expressions are all that is required to analyze recent high and low field side Mach probe SOL flow measurements in the Alcator C-Mod tokamak for LSN, USN, and DN magnetic field configurations with "normal" and "reversed" magnetic field (ion grad-B drift towards the lower and the upper divertors, respectively).
Equations (3), (4), and (6) are used to evaluate the symmetric and asymmetric portions of ω and K in four different ways by using the inboard and outboard probe measurements for the following cases: To improve the agreement we must account for the order unity differences in the radial density profiles (see Fig. 1 ), since the data was taken by matching only the line average density. If the density is assumed to be an approximate flux function and (2) - (6) then the agreement between the curves improves dramatically (see Fig. 4 ), indicating that our model of the flow symmetries is rather good. We expect that the agreement could be further improved by matching the radial density and temperature profiles rather than the line-average density in the discharges with different magnetic topologies.
Knowledge of plasma density and ion temperature profiles allows determination of the radial electric field, as shown in Fig. 5 . The results obtained by assuming T i = T e (since the T i profiles are not available while the T e profiles are) are consistent with our symmetry considerations (e.g. E r for the LSN discharge with "normal" B and USN discharge with "reversed" B are very similar), but disagree with the far SOL experimental measurements, which typically find E r ∼ 40 V/cm. This leads us to believe that the assumption T i = T e is invalid, as is the case in the tokamak pedestal region, and that the knowledge of accurate T i profiles is essential for determining the radial electric field profiles by our procedure. . Due to inaccuracies in the probe geometry, density measurements on the high-field side may be systematically high or low by ±50%. Otherwise, typical density measurements error bars are in the range of ±10%. 
